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Abstract: The green light source with tailorable temporal coherence has been widely applied in 
sensing, optical coherence tomography, speckle-free imaging, and partial coherent applications. In 
this paper, based on a tunable superfluorescent fiber source, we extend the ability of spectral 
regulation and temporal coherent tunability to the green light band through the second harmonic 
generation in a step-chirped periodically poled lithium niobate (SC-PPLN) crystal. The wavelength 
can be tuned from 517.2 nm to 540.0 nm, and the temporal coherence can be controlled by adjusting 
the bandwidth from 0.23 nm to 13.00 nm. Moreover, we further investigate the output performance 
at different temperatures and indicate that the appropriate operation wavelength and bandwidth 
contribute to better power stability under temperature variation. Our work may provide a flexible 
tunable source for optical coherence tomography, fluorescent imaging, spectroscopy, and so on. 
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1. Introduction 

The light source with flexible spectral tunability 

has a wide range of applications in photoacoustic 

spectroscopy [1], hyperspectral imaging [2], 

encrypted communication [3], and laser pumping 

[4–7]. It is of great importance to extend spectral 

tunability into the visible region, such as sensing [8], 

medical imaging [9], and multispectral lidar [10]. A 

mature and efficient technique to generate visible 

light is the nonlinear frequency conversion of a 

near-infrared laser. Notably, broadband, continuous 

wave (CW) light sources generated in waveguide 

structures, such as the superluminescent diode (SLD) 

and superfluorescent fiber source (SFS), have the 

great potential for realizing spectral regulation 

because of their flexible filtering characteristics. In 

addition, compared with the traditional laser with 

the resonator structure, the broadband source also 

has the property of low temporal coherence [11], 
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which makes it a great advantage in low-coherence 

applications, such as the digital holography [12], 

uniform illumination in inertial confinement fusion 

[13], and underwater chaotic lidar [14]. Especially, 

the frequency converted low temporal coherence 

chaotic light source could find the important 

application in temporal ghost imaging (TGI). For 

example, in 2019, H. Wu, et al. [15] demonstrated 

an innovative extension of temporal ghost imaging 

based on frequency doubling of a 2 μm multimode 

quasi-continuous-wave laser with temporal 

fluctuations and creatively indicated that temporal 

correlation information can be conveyed to an 

arbitrary spectral region. In 2024, they [16] further 

introduced a technique of frequency down 

conversion TGI and filled the gap of mid-infrared 

band. Computational TGI in the 3.2 μm–4.3 μm 

range was demonstrated by employing a 

conventional telecom modulator to modulate 

pre-programmed temporal patterns at near-infrared 

wavelengths. 

The SFS based on the ytterbium-doped fiber has 

been widely concerned because of its unique 

temporal and broadband output characteristics [17]. 

The power scaling, spectral regulation techniques, 

and applications of the SFS have also been rapidly 

developed [18–26]. Notably, the SFS is a kind of 

thermal light with a chaotic and stochastic nature. It 

is generated through the unpredictable quantum 

process within the fiber, which leads to the 

emergence of a series of disordered pulses with 

random intensity at the sub-picosecond scale [27], 

further enhancing the nonlinear efficiency [28]. 

Therefore, the SFS is an excellent candidate for 

generating visible light with flexible spectral 

tunability by nonlinear frequency conversion. 

In recent years, there has been widespread 

research on spectrum-tunable visible light sources. 

For example, in 2015, the wavelength tuning range 

of 574 nm–647 nm was demonstrated from a 

periodically poled KTP (PPKTP) waveguide by K. 

A. Fedorova, et al. [29]. In 2016, they [30] further 

presented a tunable dual-wavelength output with a 

tuning range of 502.1 nm–544.2 nm. In 2018, an 

orange laser with a tuning range of 593 nm–599 nm 

from the sum frequency generation (SFG) in a 

step-chirped PPLN (SC-PPLN) crystal was 

presented by D. K. Choge et al. [31]. In 2019, L. 

Ebner et al. [32] presented a wavelength tunable 

range of 560 nm–700 nm from a fan-out PPLN 

crystal with an average power of 1.5 mW. In 2022, 

H. X. Chen et al. [33] demonstrated a broadband 

yellow-orange light generation with a bandwidth of 

5.6 nm and a flatness of less than 1.5 dB. In 2023, H. 

Wu et al. [34] demonstrated a wavelength tuning 

range of 560 nm–630 nm from a PPLN crystal with 

10 separate poled grating periods based on a tunable 

random Raman fiber laser. In 2024, X. X. Liu et al. 

[35] presented a broadband (from 500 nm to 650 nm) 

visible random laser through the hybrid SFG and 

second harmonic generation (SHG) process. In the 

same year, Y. D. Tao et al. [36] proposed a spatially 

chirped quasi-phase matching (QPM) scheme that 

enabled ultra-broadband SHG by using a fan-out 

grating and theoretically demonstrated the limit of 

the conversion bandwidth of 150 nm. In summary, 

recent research primarily focused on wavelength 

tenability, while some focused on broadband 

generation. 

As another dimension of spectral regulation, 

bandwidth-tunable visible light sources have not 

been reported. The flexible bandwidth tunability 

plays a significant role in enhancing light source 

performance. On the one hand, during power scaling 

of the SFS, the interaction of the group velocity 

dispersion and nonlinear effects, such as self-phase 

modulation and four-wave mixing, results in an 

optimal pump bandwidth, which ensures the most 

stable temporal properties [27]. Besides, the spectral 

power density varies with the bandwidth at the fixed 

power, further affecting the threshold of stimulated 

Raman scattering [37]. In addition, the different 

pumping bandwidths in the random fiber laser affect 

the shape of the output Raman gain peak, and there 
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is also an optimal bandwidth to achieve the highest 

spectral purity [38]. Bandwidth-tunable SFSs also 

have significant applications in photonic computing 

[39, 40] and ultra-long-distance sensing [41]. For 

example, by adjusting the feedback bandwidth of the 

laser source, the sensitivity of the dynamic sensing 

system increases more than 2.6 times. On the other 

hand, due to the inverse relationship between the 

temporal coherence and bandwidth, the tunability of 

the bandwidth is widely beneficial in partially 

coherent applications, such as the generation of 

quantum entangled photon pairs [42], imaging 

[43–45], and spectroscopy [46, 47]. However, 

constrained by the strict QPM condition in 

single-period PPLN, in the case of the SHG of the 

SFS, increasing the pump bandwidth only extends 

the spectral coverage. It has little effect on output 

bandwidth expansion [48]. The substitution of the 

single-period PPLN with the SC-PPLN affords the 

light source enhanced spectral and temporal 

coherent controllability, thereby expanding its 

potential range of applications. 

In this paper, based on a tunable CW SFS, we 

demonstrate the green light generation with the 

tunable wavelength and bandwidth using an 

SC-PPLN crystal to relax the QPM condition. In 

addition, we investigate the influence of temperature 

on the output characteristics of the source and 

indicate that the appropriate operation wavelength 

and bandwidth contribute to better power stability 

under dramatic temperature variation. Our work 

extends the spectral tunability of visible light 

sources from wavelength tunability to wavelength 

and bandwidth-independent tunability, as well as 

providing a flexible visible light source with high 

power robustness and tailorable temporal coherence, 

which can satisfy the requirement for temporal 

coherence in different fields as mentioned above. 

2. Experimental setup 

Figure 1 shows the schematic of the spectrum- 
tunable green light source. A linearly polarized 

bandwidth- and wavelength-tunable SFS with a 
polarization extinction ratio (PER) of 18.9 dB serves 
as the seed. A fiber amplifier boosts the seed from  
a few milliwatts to a maximum of ~6 W. The   

PER declines to a maximum of 14.0 dB after 
amplification. To generate tunable green light, the 
frequency conversion is carried out using an 

SC-PPLN crystal in a single-pass configuration. The 
dimensions of the crystal are 20 mm×2 mm×0.5 mm 
(length×width×height), and the efficient nonlinear 

coefficient is 14 pm/V. The operation temperature of 
the crystal is controlled within 20 ℃–200 ℃ by   
an oven. The poling period is designed as 

6.47 μm–7.27 μm, corresponding to the QPM 
wavelength of 1 040 nm–1 080 nm at the room 
temperature (25 ℃). The chirp rate of this crystal is 

0.04 μm/mm, with a period number of 2 900 and a 
duty cycle of 53%. The polarization direction is 
adjusted by a half-wave plate. Two planoconvex 

lenses are used to collimate and focus the beam on 
the crystal. The focus length of the first lens is 
60 mm. Limited by the size of the clear aperture of 

the oven, the focus length of the second lens is 
designed as 300 mm to avoid the beam being 
blocked. Meanwhile, the long focus length results in 

lower energy density and conversion efficiency. To 
ensure that the fundamental wave (FW) is filtered 
out as completely as possible, two dichroic mirrors 

are employed to separate the FW from the second 
harmonic (SH). 

 
Fig. 1 Experimental setup of the tunable green light source 

(YDF: ytterbium-doped fiber; LD: laser diode; HWP: half-wave 
plate; DM: dichroic mirror). 

3. Results and discussion 

3.1 Wavelength tunability 

Firstly, we validate the wavelength tunability of 
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the green light generation. The SFS seed with the 

bandwidth of 1.0 nm at 3 dB and the wavelength 

centered at 1 034.4 nm, 1 040 nm, 1 050 nm, 

1 060 nm, 1 070 nm, and 1 080 nm are injected into 

the amplifier. The output spectra are shown in 

Fig. 2(a), and the percentages represent the in-band 

power ratio. Notably, the severe amplified 

spontaneous emission (ASE) occurs when the 

injected wavelength shifts red, resulting in the 

in-band power ratio declines from 99.7% to 51.7%. 

To protect the system, we do not further extend the 

wavelength tuning range. By inserting a tunable 

optical filter after the fiber amplifier or optimizing 

the system parameter such as gain fiber length, the 

unexpectable ASE can be filtered or reduced. 

We stabilize the operating temperature of the 

crystal at 25 . After ℃ the SHG in the crystal, a 

tunable wavelength from 517.2 nm to 540 nm is 

demonstrated, as depicted in Fig. 2(b). The SFG 

occurs between the ASE component and the signal 

light. For example, when the pump wavelength is 

1 080 nm, the spectrum contains ASE with a peak 

wavelength centered at 1 037 nm, the SFG 

wavelength of 1 037 nm and 1 080 nm is ~529 nm, 

corresponding to the output spectrum. When the 

pump wavelength is 1 070 nm or 1 080 nm, a tiny 

peak occurs in 515 nm–520 nm, corresponding to 

the SHG of the peak wavelength of the ASE.       

The simultaneous occurrence of the SHG and SFG 

processes indicates the feasibility of realizing 

multi-wavelength generation in the SC-PPLN 

crystal. 

The power and the conversion efficiency are 

depicted in Fig. 2(c). As the pumping wavelength is 

1 080 nm, due to the low seed power, the pumping 

power is set to 1.7 W to avoid the damage to the 

system by the excessive ASE. Due to the deviation 

from the QPM, efficiency is low at a pumping 

wavelength of 1 035 nm. The observed decline in 

conversion efficiency for pump wavelengths beyond 

1 060 nm is due to the spatial mismatch between the 

pump beam waist and the requisite poling period. 

The pump is focused on the crystal position where 

the poling period phase-matches 1 060 nm, resulting 

in the highest power density and thus the peak 

efficiency. For longer wavelengths, which are 

phase-matched at positions away from this focus, 

the pump power density is lower, leading to reduced 

conversion efficiency. A further increase in output 

power is limited by pump power. 
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Fig. 2 Wavelength-tunable spectra of (a) the pump light (after the amplifier), (b) the green light (the legends and the percentages 

respectively represent the wavelength of the signals and the in-band power ratio), and (c) pump power, output power, and efficiency 
versus different pump wavelengths. 

The visible light source has the great potential 

for power scaling. The FW can be considered as a 

Gaussian beam, by using a waveguide structure, or 

optimizing the focal length of the lens, so that the 
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crystal’s length is twice the Rayleigh distance [49], 

and the conversion of the pump light can        

be significantly improved, leading to a higher 

conversion efficiency. Specifically, compared to the 

monolithic crystal, the relationship between the 

conversion efficiency and the length of the 

waveguide structure is quadratic rather than linear. 

3.2 Bandwidth tunability 

The bandwidth tunability of the green light is 

investigated. By adjusting the bandwidth, it is 

possible to customize the temporal coherence. 

According to the Wiener-Khintchine theorem, in the 

case of a well-behaved stationary random process, 

the power spectral density is equivalent to the 

Fourier transform of the autocorrelation function. A  

broader bandwidth results in a lower power spectral 

density, which in turn leads to a sharper spike in  

the autocorrelation curve. In essence, a broader 

bandwidth denotes a weaker correlation. 

The operating temperature of the crystal is 

controlled at 25 ℃. By adjusting the transmission 

bandwidth of the tunable filter, the pump 

wavelength is fixed at 1 055 nm, and the bandwidth 

can be tuned to 0.7 nm, 1.0 nm, 3.0 nm, 5.5 nm, 

10.5 nm, 15.0 nm, 25.0 nm, and 34.1 nm at 10 dB, 

as shown in Fig. 3(a). The ASE in the 1 025 nm– 

1 045 nm range appears after power scaling, but the 

in-band power ratio is still higher than 96.4%. The 

spectrum of 34.1 nm is the original spectrum of the 

SFS, since we adjust the available transmission 

bandwidth of the filter more than 60 nm. 
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Fig. 3 Linewidth tunable spectra of (a) the pump light (after the amplifier), (b) the green light (the legends and the percentages 

respectively represent the linewidth of the signals and the in-band power ratio), and (c) pump power, output power, and efficiency 
versus different pump linewidths. 

After frequency conversion, the bandwidth 

tuning range of 0.23 nm–13.00 nm at 10 dB is 

demonstrated, as depicted in Fig. 3(b). Notably, 

compared to approximately rectangular pump 

spectra, the intensity of the output spectrum’s edges 

is lower than that in the middle, leading to a 

narrower bandwidth. This is owing to the SFG 

process dominating the frequency conversion. 

Essentially, the SFG process is a signal photon 

merging with a pump photon and annihilating to 

produce a new sum-frequency photon. The 

broadband beam contains innumerable photons with 

different frequencies randomly distributed inside  

the crystal. Low-frequency photons have a higher 

probability of annihilating high-frequency photons 

and generating intermediate-frequency photons, and 

vice versa. Consequently, the spectral power density 

of the intermediate wavelength is stronger than that 

of the edge wavelength, leading to the bandwidth 

narrowing. 
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Figure 3(c) exhibits the power of efficiency 
versus different pump bandwidths. The conversion 
efficiency increases with the broadening of the 
bandwidth, which is opposite to the law of the 

single-period PPLN crystal. Under the narrowband 
pump, a shorter poling period contributes to the 
QPM, leading to the short crystal length available to 

the nonlinear process. Consequently, broadband 
pump methods in the SC-PPLN crystal can enhance 
the conversion efficiency by increasing the 

utilization of a crystal length. 

3.3 Power tunability 

First, we investigate the power evolution of the 

green light generation. The bandwidth is adjusted  

to 1.0 nm and 34.1 nm corresponding to the 

narrowband and broadband pump methods. To study 

the inheritance of output stability to the SFS seed, 

we respectively measure the power fluctuation of the 

amplified SFS and the output in 2 000 s. The relative 

standard deviation (RSD, also known as the 

coefficient of variation, which is defined as the ratio 

of standard deviation to the mean) of the amplified 

SFS is 0.20% and 0.44% under broadband and 

narrowband pumps. Similar to the temporal 

characteristic of the SFS, the output power exhibits 

better stability under the broadband pump method, 

with an RSD of 0.15%, rather than 0.4% under   

the narrowband pump, as shown in Fig. 4(a).    

The temporal intensity fluctuation of the SH is 

influenced by both the pump source and the QPM 

condition. The broadband pump source delivers a 

stable temporal intensity to the visible light. 

Furthermore, the participation of multiple poling 

periods contributes to the conversion process, 

resulting in the broadband output being less affected 

by variations in the QPM condition caused by minor 

mechanical vibrations or temperature fluctuations. 

Consequently, employing a broadband pumping 

method enhances the power stability of the visible 

output. 

 
Fig. 4 Power and spectral characteristics of the green light: (a) 2 000 s power stability under broadband and narrowband pump 

methods, (b) power decline versus temperature under different conditions; spectra at different temperatures operating at (c) 520 nm,  
(d) 530 nm, and (e) the broadband. 

Compared to the single-period PPLN crystal,  

the SC-PPLN crystal can reduce the stringent 

requirements for the wavelength and temperature for 

the QPM. The wavelength of the narrowband seed is 

determined at 1 040 nm and 1 060 nm, respectively. 

The power varies with temperature under different 

conditions as shown in Fig. 4(b). Theoretically, for a 

certain poling period, the QPM wavelength gets 

longer with the rising in temperature. Specifically, 

the poling period of 6.47 μm corresponds to a QPM 

wavelength of 1 040 nm at 25 ℃ or 1 056 nm     

at 200 ℃. Therefore, with an increase in the 

temperature, the spectral power density at 520 nm 

continuously weakens until it almost disappears at 

200 ℃. On the contrary, the output power remains 

relatively stable, and the power drops to ~80%  
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under 530 nm operation. The variation trend of the 

spectrum is consistent with the power, as depicted in 

Figs. 4(c)–4(e). It can be inferred that the opposite 

trend occurs when the temperature drops from the 

room temperature. Under the broadband condition, 

the power drops to ~50%. 

Therefore, selecting the appropriate operating 

wavelength according to the variation of the ambient 

temperature helps reduce the sensitivity of power to 

temperature. Besides, the broadband operation is 

more suitable for the situation where the temperature 

dramatically fluctuates around the room temperature. 

The low sensitivity to the QPM in the SC-PPLN 

greatly expands the application of visible light 

sources in temperature-extreme environments. 

4. Conclusions 

In summary, we demonstrate the green light 

generation with the wavelength and linewidth tuning 

ranges of 517.2 nm to 540.0 nm and 0.23 nm to 

13.00 nm at 10 dB via the nonlinear process in an 

SC-PPLN crystal. The temporal coherence of the 

source can be controlled by adjusting the bandwidth. 

Moreover, we make a thorough investigation of the 

spectrum tunability and the output performance 

versus the temperature. The green light generation 

inherits the excellent time-domain stability of the 

SFS and exhibits superb power stability under 

broadband operation. The power fluctuation remains 

within 0.15% over 2 000 seconds and within 20% 

under a temperature variation of 180 ℃. Moreover, 

we reveal that the appropriate wavelength and 

bandwidth enhance the power stability under 

temperature variation. This work provides an 

effective method for the wavelength- and linewidth- 

flexible green light generation based on an SFS, 

which could be advantageous for multiple photonic 

sensing applications such as ultra-long-distance 

sensing, where the bandwidth-tunable feature can 

suppress coherent noise and enhance sensitivity, and 

interferometric fiber sensing, where the stability of 

the green light enables high-precision measurement 

in extreme environments. 
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